Diverse microbial communities and numerous energy-yielding activities occur in deeply buried sediments of the eastern Pacific Ocean. Distributions of metabolic activities often deviate from the standard model. Rates of activities, cell concentrations, and populations of cultured bacteria vary consistently from one subseafloor environment to another. Net rates of major activities principally rely on electron acceptors and electron donors from the photosynthetic surface world. At open-ocean sites, nitrate and oxygen are supplied to the deepest sedimentary communities through the underlying basaltic aquifer. In turn, these sedimentary communities may supply dissolved electron donors and nutrients to the underlying crustal biosphere.
Microbial life is widespread in the marine sediments that cover more than two-thirds of Earth_s surface. Intact cells (1) and intact membrane lipids (2, 3) provide evidence of prokaryotic populations in sediments as deep as 800 m below the seafloor (mbsf). Prokaryotic activity, in the form of sulfate (SO 4 2-) reduction and/or methanogenesis, occurs in sediments throughout the world ocean (4) . The prokaryotes of subseafloor sediments have been estimated to constitute as much as one-third of Earth_s total living biomass (5) .
Despite the ubiquity of life in subseafloor sediments, little is known about it. The diversity of its metabolic activities, the composition of its communities, and the nature of its variation from one environment to another are largely unknown. Its relationship to the photosynthetic surface world is not fully understood. Its relationship to the deeper world of the underlying basaltic crust has not been tested.
To explore life in deeply buried marine sediments, we undertook Ocean Drilling Program (ODP) Leg 201. The expedition sites are located in the equatorial Pacific Ocean and on the continental margin of Peru ( Fig. 1 ) (6) . These sites are typical of subsurface environments that exist throughout most of Earth_s ocean. Their water depths range from 150 m on the Peru Shelf to 5300 m in the Peru Trench. The sampled sediments ranged in subseafloor depth from 0 to 420 m, in temperature from 1-to 25-C, and in age from 0 to 35 million years ago (Ma) (6, 7) . Prokaryotic cells occur throughout the sampled sediment column at every site ( Fig. 1) (8) .
Diversity of metabolic activities. Dissolved electron acceptors such as SO 4 2-and nitrate (NO 3 -) exhibit subsurface depletion, whereas dissolved metabolic products such as dissolved inorganic carbon (DIC 0 Fig. 1 ). These concentration profiles indicate that biologically catalyzed reactions consume and release metabolites deep in the sediment column at all of the sites. The microbial processes implicit in Fig. 1 include organic carbon oxidation, ammonification, methanogenesis, methanotrophy, sulfate reduction, and manganese reduction. Other processes that occur in these sediments include iron reduction and the production and consumption of formate, acetate, lactate, hydrogen, ethane, and propane (6) .
These activities are unexpectedly diverse. The interstitial water chemistry of shallow marine sediments generally exhibits a predictable zonation, with peak concentrations of dissolved products from different redox processes [Mn(II), Fe(II), SH 2 S, and CH 4 ] present at successively greater sediment depths (9) (10) (11) (12) . This succession of redox zones has been ascribed to competition between metabolic pathways; electron-accepting reactions that yield successively less negative standard free energies are hypothesized to predominate at successively greater depths because electron acceptors with higher free energy yields are depleted at shallower depths [e.g., (9, 11) ]. In shallow marine sediments that exhibit this zonation, terminal electron acceptors ultimately enter the sediment from the overlying ocean. As the reduced products from below enter successively shallower zones of SO 4 2-, Fe(III), Mn(IV), NO 3 -, and O 2 reduction, vertical cascades of electronaccepting processes are sustained (11) . For example, O 2 may be used to oxidize Mn(II) to Mn(IV), which can oxidize Fe(II) to Fe(III), which might oxidize reduced sulfur, which ultimately could oxidize hydrogen or organic carbon.
In many respects, dissolved chemical profiles of Leg 201 sites exhibit this standard zonation. However, they also depart from it in four important ways. First, at site 1229, the introduction of dissolved SO 4 2-from below reverses the standard redox zonation by sustaining a zone with abundant SO 4 2-beneath a sulfate-depleted methane-rich zone (Fig. 2) . At this site and at nearby site 1228, SO 4 2-is introduced at depth by upward diffusion from ancient brine (6) . This deep brine is present along much of the Peru Shelf (13) . At sites 1225 and 1226, SO 4 2-similarly diffuses upward into the deepest sediments from water circulating through the underlying basaltic aquifer. Sulfate is supplied to the deepest sediments in this manner throughout much of the eastern equatorial Pacific (14) .
Second, at some sites, the expected zonation is locally reversed by the appearance of large peaks in dissolved Mn and Fe concentrations far below the seafloor (e.g., Figs. 1  to 3) . Such midcolumn peaks demonstrate that, in discrete intervals, concentrations of buried iron-and manganese-bearing minerals can be high enough and their rates of dissolution and reduction slow enough to continue long after metabolic activities with lower standard free energies have become predominant in shallower sediments.
Third, subsurface CH 4 maxima occur within the sediments of all Leg 201 sites, including the open-ocean sites where dissolved SO 4 2-concentrations are high (6) (Fig. 1 ). Similar maxima have recently been identified at many other open-ocean sites (4, 15) . They indicate that methanogenesis occurs deep beneath the seafloor in most, perhaps all, marine sediments, regardless of SO 4 2- availability. This result indicates that methanogenesis occurs long before electron acceptors that yield higher standard free energies have been depleted.
The fourth important departure occurs only at the open-ocean sites, where the succession of redox zones that extends from the seafloor to greater depths is mirrored by a similar succession that extends upward from the basement-sediment interface (Fig. 3) . At sites 1225 and 1231, relatively high concen- Dissolved Mn ( M)
trations of NO 3 -and traces of O 2 were discovered at the base of the sediment column (16, 17) . This NO 3 -and O 2 presumably enters the sediments from oxic water circulating through the underlying basaltic basement.
A local peak in dissolved Mn occurs just above this deep nitrate-reducing zone at both sites 1225 and 1231 (Fig. 3) 3 -from the circulating water. Respiration in these basaltic aquifers may be limited by electron donor availability (18) .
These discoveries indicate that the energyyielding activities of deep subseafloor sedimentary ecosystems are far more diverse than can be predicted from the standard redox zonation of shallow marine sediments. Although unexpected, the reversed redox successions of the deepest open-ocean sediments are consistent with the hypothesis that electronaccepting pathways with successively lower standard free energies predominate at successively greater distances from a source of oxic water. The reversed subseafloor succession of site 1229 (from methanogenesis to sulfate reduction) is similarly consistent with this hypothesis.
The occurrence of methanogenesis in sulfate-replete porewaters and the occurrences of Mn and Fe reduction in deep methanogenic zones and deep sulfate-reducing zones require different explanation(s) than the reversed redox zones. There are at least three possible explanations of these occurrences: (i) The organisms that undertake these different processes may rely on noncompetitive substrates (different electron donors) in deep marine sediments; (ii) organisms that rely on electron-accepting pathways with higher standard free energies may have higher energy requirements than organisms that rely on pathways with lower standard free energy yields; or (iii) the in situ free energies of these reactions may differ greatly from their standard free energies (for example, all of these reactions may yield similar free energies in deep subseafloor sediments where they cooccur). Whichever explanation ultimately applies, subseafloor occurrences of many electron-accepting activities cannot be predicted by simple extrapolation of the shallow marine redox zonation to sediments at greater depths.
Rates of electron-accepting activities. At steady state, fluxes of SO 4 2-and NO 3 -into a sediment column are respectively equal to net reduction rates of SO 4 2-and NO 3 -within that column. Also at steady state, the minimum rate of metal (Mn or Fe) reduction is equal to the flux of the dissolved metal from zones of net reduction (marked by local concentration peaks) to zones of net precipitation or oxidation (marked by concentration minima) (19).
Biogeochemical flux models based on concentration data and sediment physical properties were used to quantify rates of these electron-accepting activities at most Leg 201 sites (Table 1) (17, 19) . Net rates of SO 4 2-reduction in subseafloor sediments (91.
at the open-ocean sites. In contrast, estimated Mn reduction rates and net NO 3 -reduction rates in the subsurface sediments (from 91.5 mbsf to the base of the drilled sediments) are higher at the open-ocean sites than at the ocean-margin sites. These net NO 3 -reduction rates entirely result from the introduction of NO 3 -from the underlying basaltic aquifers.
These rates of subseafloor activities vary predictably from open-ocean sites to oceanmargin sites (Table 1) . At each site, the predominant energy-yielding pathways may be a function of total electron-accepting activity. For example, if the electron donor is C(0) for electron-accepting reactions, carbon oxidation by net SO 4 2-reduction appears to greatly outpace carbon oxidation by metal (Mn and Fe) reduction at the high-activity ocean-margin sites and the most active open-ocean site (Table 1 ) (20). In contrast, at the open-ocean site where net activities are lowest (site 1231), SO 4 2-reduction is not detectable and net respiration in sediments deeper than 1.5 mbsf may principally rely on reduction of Mn(IV) and Fe(III).
Biogeochemical linkages to the surface world and to life in underlying aquifers. The activities in Table 1 ultimately rely on electron acceptors from the photosynthetically oxidized surface world. O 2 , NO 3 -, and SO 4 2-ultimately enter these sediments by diffusing down past the seafloor and, at the openocean sites, by transport upward from seawater flowing through the underlying basalts. The oxidized Mn and Fe were originally introduced to the sediments by deposition of Mn and Fe at the seafloor. The activities in Table 1 probably also principally rely on electron donors from the photosynthetically oxidized surface world. The ultimate electron donors for subsurface eco- (24) suggests that buried organic carbon from the overlying photosynthetic world is abundant enough to fuel most or all of the estimated electron-accepting activities ( Table 1) . The role of reduced minerals cannot be directly assessed with our data. However, thermodynamic considerations preclude oxidation of Fe(II) or Mn by Fe(III) or SO 4 2-. Consequently, reduced Fe and Mn are unlikely to be important subseafloor electron donors at any sites where SO 4 2-or Fe(III) is the principal electron acceptor. In the sediments of site 1231, where Mn(IV) appears to be the principal electron acceptor, Fe(II) may be an important electron donor.
R E S E A R C H A R T I C L E
Our data clearly indicate that activity in the sediments of our open-ocean sites is not fueled by thermogenic CH 4 from deep within Earth. Maximum concentrations in the middle of each open-ocean sediment column and minimum concentrations near the sedimentbasement interface (Fig. 1) indicate that biogenic CH 4 and SNH 3 are produced deep in these sediments, and, at sites where chemical transport is dominantly diffusive, actually migrate downward toward the underlying basalts. In this manner, the deep sedimentary communities may provide electron donors and biologically accessible nitrogen to communities in the underlying basaltic aquifers.
Environmental variation in cell abundance and cultured isolates of subseafloor sedimentary communities. Cell concentrations vary with metabolic reaction rates and metabolic product concentrations from site to site (Fig. 1) . For example, cell concentrations are highest at sites where concentrations of metabolic products (SNH 3 , CH 4 , DIC) and net rates of SO 4 2-reduction and Fe reduction are highest, and cell concentrations are lowest at sites where these rates and metabolic product concentrations are lowest ( Fig. 1 and Table 1 ). The open-ocean sites contained some of the lowest average cell concentrations ever observed in deep-sea sediments, whereas sediments recovered from the Peru Shelf contained the highest concentrations ever observed beneath the seafloor (Fig. 2) .
Cell concentration profiles are also closely related to dissolved reactant distributions within individual sites. For example, at site 1229, high cell concentrations occur in subseafloor sulfate-methane transition zones (Fig. 2) . Diffusion of the two reactants (SO 4 2-and CH 4 ) to these zones provides an interface of high biochemical energy supply. At one such zone (92 mbsf), this interface supports cell densities that are an order of magnitude higher than at the seafloor (Fig. 2) .
Bacteria were successfully cultured and isolated from multiple depths at every site (Table 2 ) (17). These cultures indicate that living bacteria are present throughout the entire range of subseafloor depths sampled by Leg 201 (1 to 420 mbsf) ( Table 2 ). As assessed from the 16S ribosomal RNA (rRNA) genes of 168 isolates, these bacteria belong to at least six distinct lineages (Table 2) (17) . Most of these isolates are closely related to known marine organisms. Others are more distant from known organisms. Most strikingly, the 16S gene of one isolate from openocean site 1225 differs from the 16S gene of its nearest known relative (a member of the Bacteroidetes) by 14% (Table 2 ). In combination with the recent discovery of deeply rooted but previously unknown archaeal 16S gene sequences in subseafloor sediments of site 1231 (25) 
Although the cultured bacteria constitute only a small fraction of the total cell count in each sample (up to 0.1%), these results hint of consistent patterns in the community composition of subsurface sediments. Some lineages appear to be cosmopolitan members of subseafloor sedimentary communities. The most commonly cultured taxa are Firmicutes that are most closely related to the sporeforming bacterium Bacillus firmus and aProteobacteria that are most closely related to Rhizobium radiobacter. These taxa were often recovered from open-ocean sediments with abundant dissolved SO 4 2-and little CH 4 ( Table 2 ). They were also often recovered from ocean-margin sediments with abundant CH 4 and no dissolved SO 4 2-. Close relatives of R. radiobacter have also been recently isolated from Mediterranean subseafloor sediments (26) . Recent surveys of archaeal 16S genes in subseafloor sediments suggest that some archaeal lineages [the Deep-Sea Archaeal Group and the Marine Benthic Group A] are similarly cosmopolitan members of subseafloor sedimentary communities (27) .
Other lineages appear to be more selective in their subseafloor environmental affinities. For example, cultured g-Proteobacteria were consistently found at ocean-margin sites (Table 2) , where concentrations of organic matter, cell concentrations, and net metabolic rates are high. However, they were rarely found at open-ocean sites, where organic concentrations, cell counts, and net metabolic rates are low. In contrast, Actinobacteria were most consistently found in sulfate-reducing sediments of the open-ocean sites (sites 1225, 1226, and 1231) and ocean-margin site 1227.
In short, subseafloor sedimentary communities contain some taxa that inhabit a 
www.sciencemag.org SCIENCE VOL 306 24 DECEMBER 2004 broad array of redox environments and other taxa that appear to exhibit consistent preferences for specific subseafloor environments. At least some of the former taxa are cosmopolitan in their distribution. This broad distribution is not entirely surprising, given (i) the occurrence of so many of the same metabolic products and reactants at every site, (ii) the suitability of spore-forming bacteria for broad dispersal, and (iii) the possibility that individual taxa are responsible for different activities under different subseafloor conditions (10) . Much remains to be learned about life in subseafloor sediments. We do not yet know which organisms (cultured or uncultured) are responsible for which metabolic activities in these sediments. We have probably not yet reached the greatest sedimentary depths that subseafloor organisms attain. Their effects on global biogeochemical cycles and their effects on mineral, chemical, and biological resources are poorly constrained. The minimum energy fluxes required to sustain them remain unknown. Their total genetic diversity, rates of population turnover, detailed metabolic interactions, and community structures remain to be determined. *Species names identify the type species in the GenBank database that are the closest relatives of the cultured isolates. The genetic distance between each cultured taxon and its closest relative is illustrated by the percent similarity of their 16S rRNA sequences.
24 DECEMBER 2004 VOL 306 SCIENCE www.sciencemag.org rinds of oceanic basalts (21) . Fe and S in subseafloor basalts are strongly oxidized in the first 10 million to 20 million years of the basalts' existence (22) . Oxidation of these chemical species has the potential to support abundant biomass in basaltic aquifers (22, 23) . Our results indicate that by 11 Ma and 35 Ma at sites 1225 and 1231, respectively, such oxidation is insufficient to strip dissolved O 2 and NO 3 -from the circulating water, perhaps because the mineral surfaces in contact with water were largely oxidized when the basalt was younger. 19. At each site, the sediment column for which fluxes were calculated spans the interval from 1.5 mbsf to a point midway between the two deepest sample depths. At the open-ocean sites, this interval ends just above the sediment-basalt contact. Given an exponential decline in average cell concentrations with depth (1), more than 99% of the total biomass in sediments deeper than 1.5 mbsf lies within our calculational interval at each site. 20. Two moles of C(0) (organic carbon) are oxidized by reducing one mole of SO 4 2-to S 2-. Five moles of C(0) are oxidized by reducing four moles of NO 3 -
